We exploited the serial analysis of gene expression (SAGE) libraries and human genome database in silico to correlate the breadth of expression (BOE; housekeeping versus tissue-specific genes) and peak rate of expression (PRE; high versus low expressed genes) with the density distribution of the retroelements. The BOE status is linearly associated with the density of the sense Alus along the 100 kb nucleotides region upstream of a gene, whereas the PRE status is inversely correlated with the density of antisense L1s within a gene and in the up-and downstream regions of the 0-10 kb nucleotides. The radial distance of intranuclear position, which is known to serve as the global domain for transcription regulation, is reciprocally correlated with the fractions of Alu (toward the nuclear center) and L1 (toward the nuclear edge) elements in each chromosome. We propose that the BOE and PRE statuses are related to the reciprocal distribution of Alu and L1 elements that formulate local and global expression domains.
INTRODUCTION
Almost half of the human genome is composed of highly repetitive sequences derived from retroelements including Alu, L1, LTR, L2 and MIR (1) . Retroelements were once thought to propagate within the genome independent of host fitness and were dismissed as 'selfish genomic parasites' or mere 'junk DNA' (2, 3) . Individual retroelement copies are so heterogeneous in their sequence and size that their implication in gene expression was considered to be insignificant. Meanwhile, the progress of human genome studies has shed light on the selective redistribution of retroelements carried out for an organism's benefit. On an evolutionary scale, the distributions of retroelements are biased toward the gene-rich (Alu) or gene-poor (L1) subchromosomal regions (1, 4) . It is possible that some retroelements are more enriched in the gene-poor region in order for them to have a lesser detrimental influence, or in the gene-rich region for the purpose of giving them an adaptive advantage (5, 6) . This reciprocal redistribution of Alu and L1 elements may result in and/or originate from the beneficial and stable relationship between host gene expression and selfish retroelement fixation, even in the case of symbiotic co-evolution (7) . Therefore, we considered that during human evolution, gene expression and retroelement fixation might have influenced each other in the superimposed genetic levels.
The genome-wide dataset of serial analysis of gene expression (SAGE) libraries has provided useful information for gene expression profiles represented by the tissue extent breadth of expression (BOE) and peak rate (PRE; peak rate of expression) parameters (8) . The analysis of expression profiles displays a clustering of housekeeping genes in the subchromosomal regions (9) . On the other hand, the intranuclear position (toward the nuclear center as opposed to the edge) of chromosomes within interphase nuclei (so-called chromosome territory, CT) has been proposed as a subnuclear compartment of nuclear proteins for a distinct transcriptional activity (10, 11) . Human chromosomes containing genes in the high or low density range tend to be preferentially located at the nuclear edge or center, respectively (12, 13) . This superimposed gene organization may be advantageous when it comes to concentrating nuclear proteins involved in common pathways in the same compartments. However, it is not known whether such subchromosomal and subnuclear domains of genes are associated with noncoding retroelements that are nonrandomly dispersed throughout the genome. Because the nonrandom distribution of retroelements may be a cause or consequence of evolutionary interaction between coding genes and noncoding retroelements, it would be useful to know whether the framework of gene expression is related to the retroelement distribution.
In this study, the BOE and PRE statuses were separately correlated with the density distribution of retroelements relative to coding genes, and the radial distance of CT was evaluated for the purpose of establishing the relationship with the retroelement compositions of individual chromosomes.
The BOE and PRE statuses are distinctly associated with the densities of sense Alu elements in the long extragenic region and of the antisense L1 elements within the genic and adjacent regions, respectively. There are linear correlations between the order of CT position and the intrachromosomal fraction of Alu (toward the nuclear edge) and L1 (toward the nuclear center) elements. The local density differences of sense Alu and antisense L1 elements between different expression levels are further distinguished according to the intrachromosomal Alu and L1 fractions. We propose that a genome-wide expression framework methodologically links the BOE status to the Alu elements and the PRE status to the L1 elements.
MATERIAL AND METHODS

Collection of data in silico
Twenty-eight SAGE libraries representing the expression profiles of 14 normal tissues (9) were obtained from a public database (http://www.ncbi.nlm.nih.gov/SAGE/) with NlaIII SAGE tags. A reliable SAGE map was employed as a matching function, in order to combine the Unigene map and the SAGE tags (22) . Individual Unigenes were scored for two expression parameters indicating the number of expressed tissues (BOE) and the maximal peak count of the tags (cpm; counts per million) of expression among the observed tissues (PRE). The 15,471 RefGenes in the golden path assembly Apr. 2003 were matched to BOE and PRE data, and 6,776 RefGenes were found to be expressed in at least one tissue. Of the 6,776 expressed genes, 1,739 genes were found to make more than one gene-tag combination or alternative expressions. These genes were excluded from this study, due to the consequent difficulty in defining their start and termination site of transcription and their expression status. The remaining 5,037 RefGenes, which were matched to a single expression profile, were used as a reliable database for the physical map of gene expression.
Retroelement data were obtained from the human genome database (http://genome.ucsc.edu) as that used for the physical location of the RefGenes using the RepeatMasker program (http://ftp.genome.washington.edu/RM/RepeatMasker.htm l). The retroelements were classified into five major retroelement families (Alu, L1, MIR, L2 and LTR), each of which was subdivided into sense and antisense directions in relation to the genes, because retroelements are known to be differentially fixed throughout the genome according to their orientation (18) . The 100 kb nucleotides regions upstream of the transcription start site and downstream of the polyadenylation site were fractionated into 10 kb bins and analyzed for the purpose of determining the extragenic density distribution of each retroelement family. Coding regions of variable sizes were considered as a single segment, in which the retroelement densities were scored as the copy number per 10 kb segment.
For analysis of Chromosome territory, we adapted the intranuclear positions of individual chromosomes, which were previously reported (12) . The relative radial distance of each chromosome was scored as the distance between the center of the CT and the center of the nucleus, which was measured in male lymphoblast nuclei, as visualized by fluorescence in situ hybridization.
Classification of gene expression
The 5,037 genes reliably matched to expression profiles revealed a linear correlation between the BOE and PRE statuses (r=0.44, p<0.001) in similarity with the total of 6,776 expressed genes (Fig. 1) . The BOE and PRE statuses were dichotomized into high and low levels with the median BOE (14 tissues) and PRE (645 cpm) values. Because of the expression profile being skewed toward the low level, using the median expression values causes the 5,037 genes to be categorized into four pair-wise groups of dissimilar size, high-BOE and high-PRE (327; 6.5%), high-BOE and low-PRE (206; 4.1%), low-BOE and high-PRE (418; 8.3%), and low-BOE and low-PRE (4,086; 81.1%). These proportions of BOE-PRE groups were similar to those of the 6,776 expressed genes ( Fig. 1) . Alternatively, the gene expressions were divided into three expression levels, low, intermediate, and high, in proportions of 25%, 50% and 25%, respectively. The 5,037 genes were divided using the cutoff value of BOE (=1, 2-7 and ≥8) into 1,328 housekeeping genes (26%), 2,366 intermediate tissue-specific genes (48%), and 1,353 high tissuespecific genes (26%), and using the cutoff value of PRE (<55 cpm, 55-250 cpm and >250 cpm) into 1,296 highly expressed genes (26%), 2,464 intermediately expressed genes (49%) and 1,277 lowly expressed genes (25%).
Chromosomal and genomic parameters for gene grouping
The 5,037 genes examined were proportionally divided into three groups (25%, 50%, and 25%) with the following parameters.
Chromosomes were grouped by retroelement composition. The size-fraction (nucleotides percent) and density (copy number per Mb) of the total copies of each retroelement family were calculated for each chromosome. Of the two parameters, the size-fraction revealed strong correlations between the intranuclear position and the Alu and L1 elements. The entire group of autosomes were sorted in the order of retroelement fraction and categorized into Alu-poor (3, 4, 5, 13 and 18) and Alu-rich (16, 17, 19, 20 and 22) , as well as L1-rich (2, 3, 4, 5 and 6) and L1-poor (16, 17, 19, 20 and 22) chromosome groups. The remaining chromosomes containing 50% of the genes examined were categorized into an intermediate group.
After being sorted in the order of the intranuclear position, the chromosomes were categorized into three groups, edge (3, 4, 7, 13 and 18), center (1, 16, 17, 19 and 22) and middle position (other chromosomes).
The surrounding gene density of a gene was calculated by counting the number of RefGenes residing within the 100 kb upstream and downstream regions of the corresponding gene. Three gene-density groups were established using the cutoff points of 1 and 6 genes per surrounding 200 kb nucleotides.
The GC contents of individual chromosomes were adapted from the same literature used for the radial distance of the CTs (12) . The local GC content surrounding each gene was determined based on the GC content (%) in the 20 kb nonoverlapping window occupied by the corresponding gene. Three GC-content groups were established using the cutoff points of 40.7% and 49.3% GC contents.
Statistical analysis
Two-tailed Pearson's correlation coefficients were calculated for the purpose of determining the extent of correlation between the regional retroelement density and the gene expression, as well as between the retroelement composition and the intranuclear position of a given chromosome. The unpaired t-test was used to demonstrate whether there were any significant differences in the density of the retroelements between different expression levels.
RESULTS
Relationships between SAGE profiles and the distributions of retroelements 5,037 genes reliably matched to expression profiles were dichotomized by the median BOE and PRE values into high and low level expression groups (see Fig. 1 and Methods). We separately correlated four BOE-PRE pair-wise groups with the density distributions of the Alu, L1, LTR, L2 and MIR elements dispersed in the upstream and downstream regions of 100 kb nucleotides encompassing coding genes (Fig. 2) . The BOE and PRE statuses tend to be related to the densities of sense Alus in the upstream region and of the antisense L1s in the intragenic region, respectively. The high (low) level of BOE is associated with the high (low) density of extragenic sense Alus, regardless of the level of PRE. On the other hand, high (low)-PRE genes contain antisense L1s in the low (high) density, regardless of the level of BOE. The increase of the sense Alu density associated with high-BOE genes is markedly reduced in the downstream region, and the depression of antisense L1 density associated with high-PRE genes is attenuated in the extragenic region. These relationships between the BOE and PRE statuses and the densities of sense Alu and antisense L1 elements were also observed in dichotomized expression groups of equal size (data not shown).
Retroelements other than sense Alus and antisense L1s reveal no density-dependent relationships with gene expression (Fig.  2) . The density difference of the antisense Alus between the different BOE statuses is considerably reduced as compared with that of the sense Alus. The intragenic L1s in the sense direction are sharply depressed regardless of the BOE and PRE statuses. The intragenic LTRs, in both the sense and antisense directions, tend to be more sharply depressed as compared to the L1 elements. L2 and MIR retroelements in the lowest density reveal small extragenic peaks and are slightly depressed in the intragenic regions.
Correlations between BOE and PRE statuses and Alu and L1 elements
The densities of the sense Alu and antisense L1 elements in the extragenic 200 kb nucleotides regions and genic portions were evaluated for the purpose of establishing their relationship with the status of BOE and PRE by using Pearson's correlation analysis (Table 1 ). There are only weak correlations between the BOE and PRE statuses and retroelement densities, owing to the gene expressions being biased toward the low level. However, the correlation coefficients of BOE and PRE are highest for the extragenic sense Alus in the proxi-mal upstream region and for the intragenic antisense L1s, respectively.
The density distributions of the sense Alus and antisense L1s were plotted according to three levels (high, intermediate and low) of BOE and PRE, and the density differences of the sense Alus and antisense L1s between three expression levels were statistically analyzed using the unpaired t test (Fig. 3) . The density of the sense Alus increases markedly with increasing level of BOE throughout the 100 kb upstream region. The density of the antisense L1s in the genic and 0-10 kb upstream regions decreases sharply as the PRE status inclines toward the high level. The densities of the antisense L1s in the 0-10 kb downstream region are significantly different between the intermediate and low levels, but not between the high and intermediate levels. These linear and inverse relationships are compromised in the opposite relations of Fig. 2 . Relationships between breadth (BOE) and peak rate (PRE) of expression and retroelement families. The 5,037 gene expressions are categorized into four BOE-PRE pair-wise groups, high-BOE and high-PRE (blue), high-BOE and low-PRE (black), low-BOE and high-PRE (green), and low-BOE and low-PRE (red). The densities of the retroelements in the 100 kb nucleotides regions, upstream and downstream of the genes, are fractionated into 10 kb nucleotides bins, and separately plotted for the four BOE-PRE groups. The sense and antisense copies of each retroelement indicate the same and opposite orientation, respectively, in relation to the nearest gene. The intragenic density of the retroelements
Alu
Density of retroelements (copies/10 kb) BOE-L1s and PRE-Alus.
Global and local domains of Alu and L1 retroelements
When correlating the distances between the centers of the CTs and the interphase nucleus with the fractions of retroelement families in individual chromosomes, the Alu and L1 elements show the highest correlations with the CT positions, with linear and inverse relationships, respectively ( Table 2 ). The correlation coefficients of the Alus (r=0.857) and L1s (r=-0.844) are higher than those of the gene density (r=0.793) and GC content (r=0.769). The 5,037 genes examined were proportionally divided into three groups (25%, 50% and 25%) according to the chromosomal (intrachromosomal Alu and L1 fractions and intranuclear position) and genomic (gene density and GC content) parameters (see Methods). The chromosomes were classified into Alu-poor (3, 4, 5, 13, and 18), L1-rich (2, 3, 4, 5, and 6), and edge-position (3, 4, 7, 13, and 18) groups, despite the high correlation coefficients. On the other hand, the Alu-rich and L1-poor group includes the same chromosomes, 16, 17, 19, 20 , and 22 as the center-position group (1, 16, 17, 19, and 22) .
The correlation curves of the gene expression and sense Alu (Fig. 4) and antisense L1 (Fig. 5) elements were compared among the gene groups. The patterns of expression-retroelement relations are similarly preserved in all of the gene groups. However, the sense Alu and antisense L1 density differences between the various expression levels vary among the gene groups. All of the chromosome groups, which were categorized based on the Alu and L1 fractions, result in a significant density difference of the sense Alu and antisense L1 elements between the three expression levels in at least one 10 kb nucleotides bin. The intranuclear position, gene density, and GC content parameters tend to reduce the Alu and L1 den-
Relationship between Retroelements and Gene Expression 787
Sense Alu Antisense L1 Table 2 . Correlations between intranuclear radial distance and various genetic parameters of the chromosomes*
The extents of correlation* (r and r 2 ) between the intranuclear radial distance and the genetic components of individual chromosomes are calculated by two-tailed Pearson's correlation. Significant values (p<0.05) are shown in shaded boxes.
sity differences between the three expression levels, with the result that the BOE-Alu (edge-position, low and high genedensity and low GC content groups) and PRE-L1 (middleposition, low gene density and high GC content groups) relationships are not statistically significant.
Extrapolating from a human gene number of about 30,000, the genome contains on average one coding region per 100 kb segment. The extragenic segment was divided into the 0-50 kb proximal region, which is closely related to the gene, and the 50-100 kb distal region, which is possibly shared by a nearby gene. The sense Alu density difference between the BOE levels is more prominent within the 40 kb proximal regions in the Alu-poor or L1-rich chromosome group, whereas the Alu-rich and L1-poor group, which includes the same chromosomes, demonstrates a significant density difference of sense Alus in the 50-60 kb (between high and intermediate levels) or 70-80 kb (between intermediate and low levels) distal region (Fig. 4) .
The antisense L1 depression within the high-PRE genes is more prominently observed in the Alu-poor or L1-rich chromosome group than in the Alu-rich and L1-poor chromosome group (Fig. 5) . The density difference of the antisense L1s between the intermediate and low levels of PRE is significant in the 0-10 kb upstream region, only in the Alupoor group, whereas it is significant in the 0-10 kb downstream region in the other (L1-rich, Alu-rich and L1-poor, and intermediate) groups.
DISCUSSION
The focus of this paper is to describe the genome-wide distribution of retroelements, especially that of Alu and L1, which are closely associated with human gene expression. The relationships between the gene expression and individual retroelement copies cannot be easily explained, because of their divergent sequences and heterogeneous sizes. How- 0 G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e G e n e ever, two quantitative variables of gene expression, BOE and PRE, are known to be closely related to the density distributions of the sense Alus and antisense L1s, respectively, in separate local domains. In addition, the total Alu and L1 fractions in a chromosome tend to increase in correlation with the intranuclear position toward the nuclear center and edge, respectively. The relationships between the BOE status and sense Alus and between the PRE status and antisense L1s are significant in the subnuclear domains, which are categorized based on the Alu and L1 fractions, but not in those which are categorized based on the gene density and GC content. Therefore, the Alu and L1 elements are believed to construct a genome-wide framework, by dually assigning the specific BOE and PRE domains to each coding region. Retroelement-rich regions have the characteristics of heterochromatin, increased DNA methylation level, decreased gene density and delayed replication timing (14) . Considering that gene regulation is influenced by the accessibility, rather than the abundance, of transcription factors (15, 16) , a certain degree of methylation, which is a factor that plays a role in the access control of a transcriptional factor (17) , may result in various gene expressions. The observation that the distribution of Alu elements is biased toward the gene-rich region has led to the suggestion that the purpose of the intimate relationship between the Alus and the coding regions is the fitness advantage of the host (1, 5) . Given that, in this study, the density of the sense Alus in the upstream regions is related to the BOE status, the higher density of the sense Alus is thought to be more advantageous to the efficient recruitment of transcription complexes in the regulatory region. Alternatively, this orientation-dependent relationship of Alu elements with BOE should minimize the excessive amount of total Alu elements that are prone to DNA methylation and may result in gene silencing. Intragenic L1 elements tend to be extremely depressed, in order to elude the harmful consequences of insertion mutagenesis (6) or in order to ensure the existence of a methylation-free region, which warrants the gene transcription (18) . We assume that the variable densities of antisense L1s, both within and adjacent to the coding genes, introduce the heterochromatin-like variegation to the proximal region, thus providing regulatory domains. Alternatively, it has been suggested that short introns increase the transcriptional efficiency (19) , and that the variable intragenic densities of the antisense L1s may influence the gene expression in a gene-size-dependent manner. Consequently, sense Alus and antisense L1s formulate separate local domains in opposite directions for BOE and PRE, respectively, which is considered as a highly sophisticated allocation designed to reconcile the conflict between gene expression and retroelement suppression.
The CTs are thought to warrant subnuclear compartments for distinct transcriptional activity in a huge nuclear space, which are dynamically communicated by highly mobile nuclear proteins (10, 11) . Thus, a group of several chromosomes seems to serve as a global expression domain. In this study, the radial organization of chromosomes was found to have a stronger correlation with the Alu and L1 compositions than the gene density and GC content, although the latter have been known to constitute the most important parameter assigning the intranuclear position (12, 13) . Assorting the chromosomes in the order of the Alu and L1 fractions allows the different chromosomes to be classified into Alu-poor and L1-rich groups, despite their high correlation coefficients, while classifying the same chromosomes into the Alu-rich and L1-poor group. Given that chromosomes at the nuclear edge are in greater contact with the cytoplasm and lesser contact with other chromosomes, edge-positioning Alu-poor or L1-rich chromosomes are expected to organize distinct global domains, which are more dependent on the Alu or L1 content, respectively. Meanwhile, the center-positioning Alu-rich and L1-poor chromosomes are likely to share a common global domain, which is under the influence of both the Alu and L1 elements, through intranuclear inter-CT communication. However, the density differences of the sense Alus and antisense L1s between expression levels are statistically significant in all the Alu-sorted and L1-sorted chromosome groups, despite the retroelement composition being different. Sense Alu and antisense L1 local domains appear to function under the influence of Alu and L1 global domains, because the Alu and L1 density differences between expression levels are skewed or compromised in other groups which are categorized based on the intranuclear position, gene density and GC content parameters (Fig. 4, 5) .
It is noteworthy that the chromosome groups reveal different BOE-Alu relations depending on the intrachromosomal fraction of the Alu and L1 elements. For example, in the Alurich and L1 poor chromosome group, the significant density differences of the sense Alus between the expression levels are attenuated and extended to more distal regions, as compared with the Alu-poor or L1-rich chromosome group (Fig.  4) . Because an increase of the sense Alus in the proximal region, which is burdened with more Alus, may lead to gene silencing owing to the presence of an excessive number of Alus prone to DNA methylation, the wide expression range of sense Alu density in the Alu-rich and L1-poor group seems to be selectively formulated in distant regions, where the Alu content gradually decreases (Fig. 3) . Meanwhile, the Alu-poor or L1-rich chromosome group demonstrates a marked density difference of sense Alu elements in closer proximity to the coding region. This sense Alu distribution appears to be selected for the control of BOE in the Alu-poor or L1-rich global domain, which is less prone to Alu methylation and allows more sense Alus at the proximal segment.
The L1-rich or Alu-poor chromosome group is more prone to L1 methylation, and the more prominent antisense L1 depression in this group (Fig. 5 ) seems to be a requirement for the observed expression range of the L1 density. Interestingly, the Alu-poor chromosome groups demonstrate a den-sity difference for the L1s between the intermediate and low levels of PRE within the 0-10 kb upstream region. In the other chromosome groups, the density difference of the antisense L1s is prominent within the 0-10 kb downstream region, which is burdened with less Alus than the upstream region (Fig. 3) . The prominent density difference within the 0-10 kb upstream region is likely to be allowed only in the Alu-poor group, in which the sense Alus adjacent to the genes are considerably depressed (Fig. 4) . This reciprocal pattern of sense Alu and antisense L1 local distribution, which is observed in proximity to the genes, seems to minimize the amount of overlapping between extragenic Alu and intragenic L1 domains, as well as the additive effect of Alu and L1 elements on DNA methylation. Therefore, an Alu-L1 genome-wide framework is likely to maximize a spectrum of dual expression (BOE and PRE) in a number of separate local domains.
Because the promoter and regulatory elements are variably located and experimentally identified in only a small fraction of genes (20) , it is unlikely that the Alu and L1 framework is related to the presence of such regulatory elements. Rather, retroelements appear to construct their own expression domains. High-BOE genes in different chromosome groups are similarly embraced by proximal sense Alus in the rapidly increasing density regions, and by distant sense Alus in the gradually decreasing density regions (Fig. 4) . Such a uniform Alu distribution may be advantageous for the transcriptional linkage of housekeeping genes across entire genome (9) . In addition, the increased number of sense Alus in proximity to the housekeeping genes that cluster together (9) would keep individual domains independent as well. On the other hand, in the Alu-rich and L1-poor chromosome group, the prominent density difference of the sense Alus between the intermediate and low levels of BOE resides in the 70-80 kb distal region. Such extended domains are likely to have evolved for the sake of scattered low-and intermediate-BOE genes. It is known that the PRE status is not associated with gene clustering (21) . Because of the location of L1 depression within the genic and adjacent regions, few genes are required to cluster together in terms of PRE. Therefore, the gene clustering phenomenon appears to be advantageous only for housekeeping genes.
In this study, we identified a genome-wide expression framework that correlates the BOE and PRE statuses with the Alu and L1 elements in a reciprocal manner. This dual expression system is thought to offer certain advantages for gene expression, as well as for retroelement suppression by DNA methylation. Local and global expression domains are likely to have been methodologically formulated through the mutual cooperation of coding genes and non-coding retroelements, in order to provide for the best coordination of individual cells, while according due attention to the organism's fitness. Given that individual retroelement copies are so heterogeneous in terms of their sequence divergence and truncated size, it would be of interest to determine how and what repetitive copies participate in expression-related DNA methylation.
